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ABSTRACT
A The oxides of nitrogen are potentially iscful =5 ¢xddants in special
fuel systerms, Mixiires of nitrlz oxice and nitrogen dioxde are par-
ticularly promising because of the lover ‘reezing point which results
from the addition of small quanti+ies cf nitric oxdde t¢ nitrogen dioxide,
A knowledge of the volumetric and phase behavior of mixtures of nitric
ox:Ld,c and m;:;ﬂijen dioxide {8 of utility in the desigr of equipment for
the mragg nnd delivery of these compounds to combustion equipment.

"Thn cwﬁom of the coexisting phases of mixtures of nitric ox-
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{de and nitrogen dioxide were established throughout the two-phase region
for tamperatures above 7¢° F. and for compositions containing more
thap 0. 80 wejght fracton of nitrogen dioxdde. The specific volumes of
the l{g.id and gas phases of mixtires of these oxides were cetermined
at tcn;:peuturel between 400 F. and 240° F, for nradauTres ug; to 7. 0CC
pounds per square inch., The results are gresented in tabular and graph-
ical form.

The bubble point pressure of mixtures of thece oxddes of nitrogen
containing as much as ¢, 2 weight {raction of nitric oxide is below 30C
pounds per square inch at 160° F. Such pressurcs are low enough to

permit the use of conventional rieans of storage and handling of tke
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mixtures of the oxides of nitrogen under most clirmatic conditions.

The spacific velume chanjes almost linearly with {sobariceisothermal
change in composition in both the liquid and the gas phases, thus per-
mitting ready interpoiation of the results to any desired compotition
withiii the range of investigation. The data obtained are consistent
w!th measurements already available for the volumetric and phase be-

havior of the pure components,

(The abstract is intended for publeation in 2 separate secton of the
journal).
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YOLUMETRIC AND PHASE BEHAVIOR CF MIXTURES F NITRIC
OXIDE AND NITROGEN DIOXIDE

F. T. sellecr, H. H. Reamer, and B, H. Sage

California Institute of Technolegy
Fasadena, California

INTRCDUCTION

The phase behavior of mixtures of n}tﬁc oxide and mitrogen dioxdde
has not been studied at elevated pressures. Epstein and Cirkova (3)
detarmined the two-phase pressures of mixtures of these oxides of
nitrogen containing as much as 0, 38 weight {raction of nitric oxdde at
temperatures between 68° F. and 140° F. for pressures below 24¢
pounds per square inch. The compositions of the mixtures investiga«
ted were related to the earlier measurements of Baume and Robert (1),
who studied this binary system at temperatures below 68° F. Wittort
{19) determined the limits of solubllity of nitric oxide in nitrogen dioxde
in tha same range of temperature as was reported by Baume and Robert.
Purcell and Cheesman () measured the solubility of nitric oxdde in
nitrogen di;ddw at temperatures below 51 F, for pressures less than
68 pounds per square inch, Whittaker and coworkers (17) determined
the two<phase preasure for six mixtures of nitric oxide and nitrogen di-
oxide for compositions containming up to 0. 169 weight {raction of nitric
oxide. The measurements were made at temperatures between -40° and
59° . Their results are in reasccable agreement with those of Baume
and Robert (1. |

The effect of preasure and temperature upon tha specific volume of
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the components has been investigated in some detail. Briner and co-
workers (2) established the volurnetric behavinr of nitric osdde at low
temperatur2s end Johnston ancd Weimer (6) determined the second virial
coefficient ar ternperatures up to 70° ¥, for press.res belaw one atmos-
phere. Recently the volumetric behavior of this comrpound was studied

At presasures up to 2, 500 pounds per square inch for temperatures between
40° and 220° F. (4).

Verhoek and Daniels (16)and Mittasch and coworkers (8) determined
the volumetric behavior of nitrogen dioxide in the gaseous region for
temperaturss below 113° F, Bcheffer and Treub (12)messured the vapor
pressure nf this compound up to the critical temperature. Recently addi-
tional measuremaents have extended the knowledge of the volumetric be-
havior of the liquid and gas phases of this compound to temperatures of
340° F, and pressures up to 7,000 pounds per square inch (10, 13). Kobe
and Penulington (7) recently reviewed the thermochemical characteristics
of nitrogen and its oxides,

The present measuremaents are concerned with the volumetric be-
havior of 15 mixtures of nitric oxide and nitrogen dioxide at compositions
containing as much ae 0,2 weight fraction nitric oxde at pressures up to
7,000 pounds per square inch in the temperature interval betweer 40° and
340° F. TFour of these mixtures were investigated in detail and the re-
mairnder were studied throughout the indicated temperature interval at
nsarly a single specific volume. The dew point znd bubble point states

for four odxtures wers dsterrmined as 2 functon of temperature,
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METHODS

The methods empleyed in this investigation were similar to those
described earlier for the study of the volumetric behavior of nitrogen
dioxide {10,13). In principle, they involved the contain.aent of the mix-
ture in a spherical prassure vassel {10). The prespure within this vessel
was determined by means of a pressure balance (11) which was connected
to the vessel through a liquid-filled tube terminating at the sphere with
a stainless steel dlaphragm (10,13). This balance was calibrated against
the vapor pressurs of carbon dioxide ut the ice point., The pressures
were ostablished within 0,2 pound per square inch or 0. 1% whichever
measure yielded the larger un‘cortunty.

The pressure vessel was immersed in an agitated tamperature-con-
trolled bath of a silicone and the tamperature was measured by means
of a platinum resistance thermometer which had been compared recently
with a similar instrument calibrated by the National Bureau of Standards,
These comparisens were mads with such care and the tamperature of
the bath was so steady that the tamperature within the working vouﬂ
waa koown relative to the international platinum scale with a probable
crror of 0.03° F,

The weight of each of the components was determined gravimetrically
by the use of weighing bomb techniques (11). The total quantlty of sample
originally introduced was established with a probable error of not more
than 0, 03% and the compositions of the mixtures were known with a
standard error of 0. 0012 mole fraction, After each set of msasgure-
mants of & sequence of corresponding pressures znd temperatures, &

portion of the sampls was withdrawn at a state in the single-phale region
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and another seqience of pressures and temperatures was then deter.
mined. A total of from five to ten series of such measurements were
made with each of the four mixtures. In the end the entire sample wag
withdrawn and the cumulative welights of the mixture removed were
compared with the original welght. In each case it was found that the
weight of the oxides of ritrogen withdrawn agreed within 0. 1% with that
added. Such agreement was ohe more indication of the relatively small
uncertainty in the weights of the material invalved in the several sets of
measurements.

Phase boundaries for the mixtures were established from discontin-
uties of the pressure-tempersture derivatives which occurred at these
points. The specific volume of the miztures at each of the states inves.
tgated was determdned (rom the weight of the material within the pres -
sure vessel and the total volume d the comtaines. The latter value was
establisbed from calibrations with & known weight of Hguld water at
relatively low pressures for a series of temperatures. Tha studies of
Smith and Keyes (15) were employed to determine the specific volume of
water as a function of pressure and temperature, Tha changes in volume
of the container with pressure and tamperature were ascertained from
the thermal expansioa and Young's modulus of the steel. The spherical
shape and nearly n;:ltorm wall thickness permitied the changes in
volume to be established with accuracy. Lxcellent agreement was
obtained between the variation in velume of the pressure vessel with
temperature established from the calibration with water and that pre-

dicted from tise thermal expansion of the steel. Deviations of #2 much
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18 £, 15% in the vol:me of the spherical press ire vessgel at
pressures above 7, 000 pounds per square inch were found between
the values established from the volumetric behavior of water (15) and
those predicted from Young's mod.lus of the steel and the volume of
the vessel «t low pressures. In the present study the specific volumes
of the mixtures were bused upon the total volurre of the pressure vessel
at 70° F. and stmmospharic preluura and the properties of the steel, [t
is belleved that the specific volumes were known with a standard error
of 0. 18% throughout the runges of pressure and temperature investigated,
MATERIALS

The nitric oxide utilized in this work was obtained from The Math.
eson Co. and was purified by the method described by Johnston and
Clauque (8), involving absorption of impurities and subsequent frac.
ticnation and sublimation. The specific weight of & sample of the puri-
fied gas at atmospharic pressure indicated that it probably contained
less than 0. 002 weight {raction of material other than nitric oxide. The
nitrogen dioxide, obtained from the Allied Chemical and Dye Corp., was
purified by ﬁccﬁmdon at atmospheric pressure in a glass column con-
taining 16 plates. The fractionation was carried out at a reflux ratio
of 10 and the middie 60% of the overhead was retained for final puri-
filcation. Tais pirtially purified material was passed over phosphorous
pentoxids at & pressure of one atmosphere and condensed at the temp-
srature of liquid nitrogen at a pressure below 0. 00] inch of mercury.

The vapor pressure of the purified nitrogen dioxdde was in good agree-



ment with earlier values (13). Tt is telieved thu: it containes less
than 0. 0C2 welight fraction of m:terial other tian nitrogen dioxiie, The
purified samples of the oxddes of nitrogen were stored at pressures higher
thin atmospheric in stainless sieel containers until uged.
EXPERIMENTAL RESULTS

‘Typical sets of pressure-temperature measurements for mixtures
containing 0. £312 and 0, 8205 weight fractions of nitrogen dioxide are
shown in Fipures | and 2 respectively. Figure | pressnts data {or the
gaseous region, whereus those in Figure 2 relate to the liquid reglon,
The data in the heterogeneous region have been omitted in the interest
of clarity. The pressure-temparature diagram of Figure 3 portrays
on & somewhat larger scale the behavior, near the boundaries of the
heterogeneous region, of a mixture containing 0.943 ] weight {raction
of nitrogen dioxide. The precision of the data schown {s typical of that
obtained in this study. A seres of four such sets of measurements to-
gether with measurements for 4 single pressure-temperature sequence
with each of 1! mixtures formed the experimental basis for the present
results. A detailed record of the experimental determinations is avail.
able (14). A sample of this information ronstitutes Table 1 in which
the pressure, temperature, anc specific volume have been recorded for
each of the states investigated. Because of the small change in total
volume of the bomb with varying conditions, a corresponding change in

the specific volume of the sample recurs. In Figures 1,2, and 3 k-
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average spscific volurre for each of the pressure.temrperature se-
quences has been cdepicted.
Figire 4 presents the compressibility factor as 4 function of pres-
sure for a mixture containing 0, 8312 weight frocton of nitrogen dloxdde.

The values of the compressibility factor were computed in the following
way!
Z PYM* PV

-5 RT % BT )
The constants in Equition | were based upon an atomic weight of ni.
trogen of 14,008 and an aternic weight of oxygen of 16,000 which cor-
respond to the values recommended in 4 tabulation of atomic weights
(18). A value of the uriversal gas constant of 10. 73185 (1b. per sq. in.)
(cu. ft. per ib. mole) per R. wus employed. Table I records the values
of the specific volume and compressibility factor for five evenly spaced
compositions within the range of the conditions which were covered in
the investgation, using even values of press.re and temperature., The
s{fezt of composition upun the specific volume of this system {n the lUquid
phase at a temperature of 160° F. {s shown in Figure 5. Figure 6 presents
s compressibility factor-composition ddagram for o temperature of 280° I, ,
including dats «t low pressures.

Figure 7 is s pressure-composition diagrum for the bubble point liqu-d
and dew point gas for the lower temperasures, The curves hdive been ex-
tended only over the range of compositions for which experimental meas-

urements were oblained. The compositions of the gas phase coexdsting

- L ————
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with liquid reported by Purcell ind Cheesnian (9) were interpolated
to 40° F. anc were taken iito account in the preparation of this diac
gram.

Fig.re ¢ depicts the pressure.compoaition relations for the higher
temperatures. The behavior is much simpler for temperatures above
1007 F. anc the data may be {nterpolated with but small uncertainty,
Table Il records the properties of the coexisting liquid and gas phases
as a function of pressire and tempsarature, The information recorded
in this tatrmlation was obtained by graphical interpolation of the volumetric
measurements available.
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NOMENCLATURE

specific gas constant

average moleculur weight
pressure, 1b, /8q. inch absolute
universal gas constant

absolute temperature, °R
specific volume, cu. ft, /1b,

compressibility factor
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FIGURES

Pressure-Temperature Dlagram for a Mixture Containing 0.83}2
Weight Fractior Nitrogen Dioxdde.

Fressure-Temperatura Diagram for a Mixture Containing 0, 8205
Welght Fraction Nitrogen Dioxide,

Behavior of a Mixture Containing 0, 5431 Weigbt Fraction Nitrogen
Dioxide in the Heterogeneous Region,

Compressibility Factor for a Mixture Containing 0. 8312 Weight
Fraction Nitrogen Dioxide.

Spogiﬂc Yolume-Composition Diagram for a Temperature of
160% F,

Effect of Compesition upon Compressibility Factor at zeo° r,
Pressurz-Composition Diagram for the Lower Temperatures,

Pressure-Composition Diagram for the Highar Tamperatures,
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1. Sample of Exrerimental Results

11, Volumetric Behavior of Mixtures ot the Nitric Oxide-Nitrogen
Dioxde System

111, Properties of the Coexisting Phases in the Nitric Oxide-Nitrogen
Dlioxide System.
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TARBRLE I

FRCPFERTIES CF THE CCOEXIZTING FHASES 1N THE NITRIC CXIDE-NITRCCEN
DICXIDEZ SYSTEX

Fressure, Jeight Troction Szecific Yolume,
Lb. £43. Inch Nitrogen Diogde Cu., Ft./Lb.
Absolute Dew Fuint H3ubsle Point Daw Foint Dubble Foint
¢
6,52 1.¢c0te 1. 0CL0 1, 155 0. 01034
8. ¢ C. 8745 0,535 . 0.01634
9.¢C ., 8015 ¢.5931 - 0. 01034
10. 0 C, 762 C.99¢7 . 0.01C33
156, C - 0.977C - 0, 01032
2C. C - 0.95:€ - 0, 01041
28,0 - G.9274 - 0.C1647
160°F,
30, 7° 1.0000 i, 0000 1. 51c0 5.01143¢
38, ¢ 0, 9454 0.5958 - 0. 011445
40.0 C.8845 0.99¢1 - 0.011461
48,0 0. 8272 0.9832 - 0,.011479
50,0 0,7706 0,9750 - 0. 011500
60.C . 0.9504 - 0.011837
70. 0 .- 0.3073 - 0.C11535
80.¢C - 0,8421 . 0.6G1175¢
90.C - 0,.77C1 . 0.0118¢1
160°F,
111, 2% 1,000 1.000C L7733 0.012168
120.0 0.97C1 0, 9520 - 0.01z2211
130.¢C 0.4329 0.7824 - 0,012239
14C. © 0. 18870 0.9729 - 0.C1z244
150, 0 0.8311 6.9623 - 0.012260
175, 0 . 0.9354 y 0.01233%
200.0 - 0.9C52 - 0.012422
225, 0 - 0.8714 - 0.0124¢5
250.C . 0.8331 . 0.Ql12553
27%.¢C - C. 7867 . 0.01z2622

% Vapor pressure of nitrogen diexce

Dew point volumes are zatimated



TABLE iTl{conr-.)

ffressu-e Weight Fractisr Spe~itic Volurre,
1%, /8q. Inch Nitrogen Diocmude Cu. I't, 'Lb,
Zbscluta Cew Foint Bubble Foint Dew Foint Bubkle Point
220°F,
332, c¢ 1,000 1. 2600 C.2745% 0.013343
350, C .9728 0. 9859 C.2733° 0.013373
373.¢C €.9319 C.9767 G.L654 0.01341°
40C. ¢ C.8887 0.9631 0..566 0,N13440
425.C 0.8438 0.9498 C..457 0.0135C5
430, C C.7978 0.9361 G334 0.013544
500, C - 0. 9021 - 0.013619
600, ¢ - 0. 3549 - 0.012751
‘ 700. C . 0, 8003 0.01387C
280°F,
864, 1% 1, 0000 1.0000 0. C9B4 0.015924
900. 0 0.9797 C. 9884 C. 968" 0. 015949
980, C 0.9518 0.9730 0. (943 0.015990
1000. ¢ 0.9240 C.9575 0.(905 0.016037
1080.¢C 0.89%9 0. 9428 0,0900 0.016092
1100.¢ C.8678 £, 9282 0, ( BBE 0.01¢6143
1200. ¢ 0,8103 0.9002 0.1 E4C 0,0162582
1300.0 - 0, 56733 . 0,016447
‘ 1400, 0 - C. 3467 . 0.016639
. 1500, 0 - (,329¢8 . 0.0:678C



